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Abstract
Research during the last one decade or so suggests that the gravita-
tional field equations in a large class of theories (including, but not limited
to, general relativity) have the same status as the equations of, say, gas
dynamics or elasticity. This paradigm provides a refreshingly different
way of interpreting spacetime dynamics and highlights the fact that sev-
eral features of classical gravitational theories have direct thermodynamic
interpretation. I review the recent progress in this approach, achieved
during the last few years.
1 Introduction and Summary
In the study of fluid mechanics or gas dynamics, we treat the system as a con-
tinuum and use variables like density, fluid velocity, pressure, etc. which can be
defined through purely mechanical considerations. But these are not sufficient
and they need to be supplemented by thermodynamic variables like temperature,
entropy etc., which, however, cannot be really understood within the continuum
limit. Boltzmann was the first to emphasize that a consistent description of mat-
ter requires interpreting the temperature in terms of the energy stored in the
discrete microscopic degrees of freedom through the principle: “If you can heat
it, it must have microstructure”. Boltzmann used this idea successfully to infer
the discrete, atomic nature of matter from the thermal phenomena, much before
we really understood what the atoms are. The equations of, say, fluid mechanics
then emerge in the continuum limit of the statistical mechanics applied to the
discrete degrees of freedom.
Since any spacetime (just like normal matter) will be perceived to be hot
by some observers, the Boltzmann principle could again be applied to interpret
the continuum physics of the spacetime as a thermodynamic description of un-
known microscopic degrees of freedom (“atoms of spacetime”). The emergent
gravity paradigm, as described here, is such an attempt to obtain and inter-
pret the field equations of gravitational theories in a thermodynamic context.
The crucial thermodynamic inputs, viz. the temperature and entropy density
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of spacetime, are provided by the Davies-Unruh temperature [1] (and a corre-
sponding entropy) attributed to the null surfaces which are perceived as horizons
by local Rindler observers. It turns out that, using this single quantum input,
one could rephrase and re-derive the entire description of classical gravity in a
novel language.
More specifically, investigations along these lines have led to the following
results in the recent years:
1. This paradigm provides a direct link between certain dynamical variables
(built from the metric and Christoffel symbols) and the thermodynamical
variables like temperature and entropy [2]. It also provides a thermody-
namic interpretation for the Noether current (and charge) associated with
the time translation vector [3] in any arbitrary spacetime. In addition to
providing the foundation for interpreting spacetime dynamics as thermo-
dynamics, these results also help us to understand [3] several features in
general relativity like, e.g., the age-old problem of the factor of two (see
e.g., Ref. [4]) in defining the mass and angular momentum using Killing
vectors.
2. It is possible to derive the field equations of a large class of gravitational
theories (including general relativity) from a thermodynamic extremum
principle [5, 6]. Further, this extremum principle remains invariant under
the transformation Tab → Tab + ρ0gab thereby making gravity immune to
shifts in the zero level of the energy density. This immunity of gravity to
the vacuum energy density is an important fact about the dynamics of
gravity [7] which is not incorporated in the usual approaches to gravity
that treat the metric as a dynamical variable.
3. The resulting field equations (which are equivalent to the standard equa-
tions, with the cosmological constant arising as an integration constant)
have an elegant interpretation in terms of suitably defined bulk (Nbulk)
and surface (Nsur) degrees of freedom in a region of 3-space. It turns out [3]
that all static spacetimes obey the condition of holographic equipartition,
viz. Nbulk = Nsur. More generally, the time evolution of the metric is
driven by the holographic discrepancy (Nsur−Nbulk) between the surface
and bulk degrees of freedom.
4. This approach suggests that there exists a new conserved quantity for
our universe (“CosMIn”; see Refs. [8, 9]) which should have the value
4π. Using this, one can relate the numerical value of the cosmological
constant — which arises as an undetermined integration constant to the
field equations in this approach — to two other parameters of high energy
physics. Remarkably enough, this leads [8,9] to the observed value of the
cosmological constant in our universe.
5. These results continue to hold in all Lanczos-Lovelock models of gravity
which are much more general than general relativity [10]. In particular, the
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horizon entropy in Lanczos-Lovelock models is not proportional to the area
and hence it is a nontrivial fact that the results extend to these models.
This suggests that the emergent paradigm transcends general relativity
and is telling us something deeper about the nature of spacetime.
6. Proceeding from the thermodynamic limit to the statistical mechanics,
it is possible to relate [11, 12] the thermodynamic extremum principle,
which is used to derive the field equations — mentioned in item (2) above
— to the zero-point-length of spacetime [13] arising from the quantum
discreteness at Planck scales. This identifies the essential features of the
microscopic theory which could lead to the thermodynamic description of
gravity in the long wavelength limit.
I will now elaborate on each of these aspects, concentrating on the recent
work leading to the above results. Other approaches, which are somewhat simi-
lar in spirit but do not contribute to the understanding of above features, are not
discussed here. Further, I use the phrase ‘emergent gravity’ to imply that the
field equations have an emergent interpretation, rather than speculate whether
the spacetime, its manifold structure, etc. are themselves emergent [14]. An
earlier review of mine [15] has a broader discussion and a more extensive set of
references.
I will use the ‘mostly positive’ signature and units with ~ = c = 16πG = 1
in most places so that the field equations in general relativity read 2Gab = Tab.
The English alphabets range over 0, 1, 2, ..d = D− 1 while the Greek alphabets
range over spatial coordinates 1, 2, ..d = D − 1. Most of the discussion will be
confined to D = 4, d = 3. The occurrence of ≡ in an equation indicates that
the equation defines a particular variable.
2 Kinematics of spacetime geometry and its ther-
modynamic interpretation
Judicious application of the principle of equivalence and principle of general
covariance suggests that the effect of gravity on matter can be described —
quite elegantly — by interpreting the gravitational field as due to spacetime
curvature. Starting with this premise, we will consider a spacetime in some
arbitrary (1 + d) foliation based on a time function t(xa), with a unit normal
ua(x
i) ∝ ∇at. This will split the metric gab into the usual components, viz.
the lapse (N), shift (Nα) and d-metric hab = gab + uaub. The foliation also
introduces the extrinsic curvature Kab of the t = constant surfaces, and the
useful combination pab ≡ Kab − habK. Treating ua as the four-velocity of the
congruence of observers leads to the (in general, nonzero) acceleration vector
ai ≡ uj∇jui = hji (∇jN/N) which is purely spatial (i.e., uiai = 0) and has the
magnitude a ≡ √aiai.
The conditions t(x) = constant, N(x) = constant, taken together, define the
codimension-2 surface S (which is a natural generalization of the equipotential
3
surface) with the area element
√
σdD−2x and the binormal ǫab ≡ q[aub] where
qi ∝ ∇iN is the unit normal to the N(x) = constant surface. Since only the
component hijqj of qi which is normal to ui contributes to this binormal, we can
take it to be ǫab ≡ r[aub] where rα = ǫ(aα/a) is essentially the unit vector along
the acceleration. (The factor ǫ = ±1 ensures that the normal rα is pointing
outwards irrespective of the direction of acceleration. We will usually assume
ǫ = 1, when this distinction is not important.)
Comoving observers with xα = constant will have the acceleration a which
allows us to introduce the notion of a local Rindler frame at any event along
the following lines [16] (We will work with D = 4 for simplicity.): We first
introduce the local inertial frame (T,X) in a region around any event P , and
align, say, the X-axis along the direction of the acceleration in the original
frame. (The special case when the comoving observers have zero acceleration
can be handled as a limiting case; we will discuss it briefly later on.) We next
boost from the inertial frame to a Rindler frame (t,x) with acceleration a using
the standard transformations: X = x cosh(at), T = x sinh(at). A null surface
passing though P , which gets mapped to the X = T surface in the local region,
where the inertial frame is introduced, will now act as a patch of horizon to
the x = constant Rindler observers. They will attribute the (Tolman-corrected)
temperature T = Na/2π to the vacuum state of the freely falling observers.
Further, one quarter of the area element dS =
√
σd2x/4L2P can be thought
of as the entropy associated with this patch of horizon in general relativity.
(We will discuss the more general situation later on). This result introduces a
quantum of area L2P ; the factor (1/4) is then purely conventional, because one
could have as well worked with 4L2P rather than L
2
P . All these can be introduced
purely kinematically by studying quantum field theory in a pre-specified curved
spacetime, without introducing any dynamics for the gravitational field.
As we shall soon see, the thermodynamic description of spacetime geometry
becomes most apparent [2] if we use the variables
fab ≡ √−g gab; Nabc ≡ −Γabc +
1
2
(Γdbdδ
a
c + Γ
d
cdδ
a
b ) (1)
instead of the standard pair (gab,Γ
i
jk). It turns out that these variables (f
ab, N ijk)
— or more precisely their variations — have a direct thermodynamic significance
in the following manner: Let H be a null surface with temperature T and en-
tropy density s =
√
σ/4 attributed to it by local Rindler observers who perceive
it as a horizon. (It is convenient to use the entropy per unit coordinate area
dS/d2x =
√
σ/4 in what follows; one could, of course, translate everything into
entropy per unit proper area dS/
√
σd2x = 1/4 if one wants. This does not
change anything.) Then, [2] we can show that (in units with G = L2P ):
• The integral of N cabfab over H can be interpreted [17] as its heat content
Ts; that is:
1
16πL2P
∫
d3Σc(N
c
abf
ab) =
∫
dλ d2x Ts (2)
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• More remarkably, the variations fδN andNδf possess corresponding ther-
modynamic interpretations [2] for variations which preserve the null sur-
face:
1
16πL2P
∫
d3Σc(N
c
abδf
ab) =
∫
dλ d2x Tδs; (3)
1
16πL2P
∫
d3Σc(f
abδN cab) =
∫
dλ d2x sδT (4)
We thus see that the variations (Nδf, fδN) show thermodynamic conju-
gacy similar to the corresponding (Tδs, sδT ). Of these, we can think of
fab as an extensive variable and N ijk as an intensive variable, just as in
conventional thermodynamics.
The complementary nature of SdT and TdS in Eqs. (3) and (4) is of-
ten ignored in literature and hence is worth emphasizing. For example, the
Schwarzschild black hole (with horizon area A and S = 4πM2, E = M,T =
1/8πM) satisfies the relation
E = 2TS =
1
2
A
L2P
T =
1
2
NsurT (5)
with crucial factors of 2 [and (1/2)] in these equations. So if we attribute Nsur =
A/L2P degrees of freedom to the horizon area A, then each degree of freedom
carries (1/2)kBT amount of energy. The often quoted relation δE = TδS, when
we add an amount of energy δE = δM — though algebraically correct — is
conceptually misleading because it suggests that T is kept constant while the
process takes place. This, of course, is not true since both T and S change when
M changes. What we actually have is δE = 2SδT + 2TδS with an additional
relation S ∝ M2 ∝ T−2 which is maintained during the variation. This allows
us to express δE either with δS or with δT alone:
δE = TδS = −2SδT = −1
2
A
L2P
δT = −1
2
NsurδT (6)
So, the addition of energy can also be thought of as resulting in an increase
in the temperature with Nsur held fixed, with the minus sign indicating the
negative specific heat of the gravitating system! In the general context of null
surfaces and other boundaries, we will find that it is the interpretation involving
SδT (which corresponds to f bcδNabc) that provides a more natural description
(and is generally covariant).
These variables (fab, N ijk) also appear in the conserved currents associated
with vector fields in the spacetime. It is rather trivial to obtain a conserved
current Ja from any vector field va in the spacetime by the following procedure.
If we separate the derivative ∇lvm of any vector field vj into the symmetric and
anti-symmetric parts by∇(lvm) ≡ Slm and∇[lvm] ≡ J lm, then J lm immediately
gives us a conserved current J i ≡ ∇kJ ik. A more useful form for Ja[v] can be
found as follows: Using the Lie derivative of the connection £vΓ
a
bc = ∇b∇cva+
5
Racmbv
m, in Eq. (1), we get the relation: gbc£vN
a
bc = ∇bJab − 2Rabvb. This
leads to an explicit form of the conserved current:
Ja[v] = ∇bJab[v] = 2Rabvb + gij£vNaij (7)
In fact, this is indeed the usual Noether current1 associated with va —which we
have now obtained purely kinematically without mentioning the action principle
for gravity or any diffeomorphism invariance!.
While Eq. (7) associates a conserved current Ja[v] with any vector field va,
the current related to the time evolution vector, ξa ≡ Nua, is of special interest.
This vector measures the proper-time lapse corresponding to the normal ua =
−N∇at to the t = constant surfaces. (In static spacetimes, ξa can be chosen
to be the timelike Killing vector.) An elementary calculation shows [3] that the
Noether potential and charge associated with ξa have simple forms which — as
we shall see — admit a direct thermodynamic interpretation. We find that (in
units with G = 1)
√
σJab = [Tlocs]ǫab,
√
σJabu
a = [Tlocs]rb,
√
σJabr
a = [Tlocs]ub (8)
where ǫab = r[aub] is the binormal to the t = constant, N(t,x) = constant
surface with area element
√
σd2x. The second and third relations give currents
of the heat (enthalpy) density h ≡ Tlocs. More importantly, we can show that:
uaJ
a(ξ) =
1
4
Dα(Tlocr
α) (9)
where Dα is the covariant derivative on the t = constant surface. Integrating
Eq. (9) over
√
hd3x, we obtain the total Noether charge contained inside a
volume. In particular, if we choose the region to be bounded by the equipotential
surface N(t,x) = constant surface within the t = constant surface, we get [3]:
2
∫
V
√
h d3x uaJ
a[ξ] = ǫ
∫
∂V
√
σ d2x
L2P
(
1
2
Tloc
)
(10)
where we have re-introduced G = L2P . This equation relates (twice) the Noether
charge contained in V to the equipartition energy of the surface, attributing one
degree of freedom to each cell of Planck area L2P . Alternatively, if we think of
s =
√
σ/4L2P as the analogue of the entropy density, we get:∫
V
√
h d3x uaJ
a[ξ] = ǫ
∫
∂V
d2x Ts (11)
which relates the Noether charge to the heat (enthalpy) density (TS/A) of the
boundary surface. This delightfully simple interpretation of the Noether charge
1The overall proportionality constant in any conserved current is arbitrary and the above
expression will give the usual Noether current in units with 16piG = 1; when we switch to
G = 1 units, the left hand side of Eq. (7) should be multiplied by 16pi to get the standard
expressions.
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is valid in the most general context without any assumptions like static nature,
existence of Killing vectors, asymptotic behaviour, etc.
Incidentally, the factor 2 on the left hand side of Eq. (10) solves an old
puzzle [4] known to general relativists. The integral on the right hand side of
Eq. (10) gives (1/2)TA = 2TS if we assume (for the sake of illustration) that T =
constant on the boundary and S = A/4. Then, the Noether charge Q is just the
heat content Q = TS. Therefore, the Noether charge is half of the equipartition
energy of the surface (1/2)TA = 2TS if we attribute (1/2)T to each surface
degree of freedom. For example, in the case of the Schwarzschild geometry, the
equipartition energy is equal to the total massM = 2TS. But what the Noether
charge measures is not the energy E but the heat content E − F = TS which
has half this value, viz. (M/2). This leads to a “problem” in standard general
relativity, when one tries to define the total mass of a spacetime (which behaves
like the Schwarzschild spacetime asymptotically) using the Komar integral. In
this calculation, ξa will be taken to be the standard timelike Killing vector
and the Noether potential will become the Komar potential. The integral one
calculates using the Killing vector ξa is identical to the one in the computation of
the Noether charge and the answer, of course, will be TS = (M/2). In standard
general relativity, this was considered puzzling [4] because, in that context, we
only have a notion of energy but no notion of heat content (TS), free energy
(F = E − TS), etc. The thermodynamic paradigm — which introduces the
~ through the definition of the Davies-Unruh temperature kBT = (~/c)(κ/2π)
from an acceleration κ — shows that the Noether charge is the heat content
(enthalpy) TS and not the energy 2TS, and that the result must be M/2 for
consistency of the formalism.
In other words, the standard approach to general relativity can only interpret
M physically (as energy), while the thermodynamic approach allows us to also
interpret M/2 physically as the heat content TS. This is an example of the
emergent paradigm giving us a deeper insight into some puzzling features of
standard general relativity.
The key role played by the vector field gij£ξN
a
ij in the expression for the
Noether current is noteworthy. This combination, which has a direct thermo-
dynamic interpretation, will continue to play an important role throughout our
discussions. One can also show that
√
huag
ij£ξN
a
ij = −hab£ξpab; pab ≡
√
h(Khab −Kab) (12)
which provides a direct relationship with the extrinsic curvature of the foliation.
In fact, it is possible to obtain the heat density of the local Rindler horizon
more directly from the extrinsic curvature tensor along the following lines. The
expression
Hsur ≡ ∂
∂t
[
1
8πL2P
∫
H
K
√
hdtd2x
]
(13)
when evaluated on a local Rindler horizon H with surface gravity κ and trans-
7
verse area A⊥, gives [17] the heat content:
Hsur → κA⊥
8πL2P
= TS (14)
If we now analytically continue the local Rindler time coordinate t to the Eu-
clidean sector, then the natural range of integration for the Euclidean time tE
is 0 < tE < (2π/κ). This will give the entropy:
∫
H
dtEd
2xK
√
h =
2π
κ
×
(
κA⊥
8πL2P
)
=
A⊥
4L2P
= S (15)
So the entropy density of spacetime, when evaluated around any event after the
Euclidean continuation, is also equal to (K
√
h) in the local Rindler approxima-
tion. We will need this result later on.
For future reference, we note that the Noether potential and the entropy
density of a patch of a local Rindler horizon can also be written in the form:
Jab =
1
8π
P abcd∇cξd = 1
4
Tloc
(
P abcdǫcd
)
;
s = −
√
σ
2Tloc
Jabǫab = −1
8
√
σP abcdǫabǫcd (16)
where P abcd is an ‘entropy tensor’ with the following properties: (a) it is made
from the metric tensor; (b) it has all the algebraic symmetries of the curvature
tensor; (c) it is divergence free in all indices. In the above discussion P abcd =
(1/2)(δac δ
b
d − δbcδad) is proportional to the determinant tensor but we will see
later that the expressions in Eq. (16) have a far greater domain of validity.
3 Dynamics of spacetime geometry from a ther-
modynamic variational principle
The discussion so far has been completely kinematical in the sense that we have
treated the metric gab as pre-assigned. We will now turn to the question of how
matter curves the spacetime. From a thermodynamic perspective, one would like
to obtain this result by extremizing a suitable thermodynamic potential which
— based on the results of the previous sections — could be the heat density
of the null surfaces which act as local Rindler horizons. I will now describe
how this can be done and how it incorporates a key dynamical principle about
gravity which is ignored in conventional approaches.
3.1 The single most important fact about the gravita-
tional dynamics
To motivate this approach, I begin by stressing the single most important fact
about gravitational dynamics [3] which — because of a historical accident — is
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completely ignored in the usual approach: Gravity does not couple to the bulk
energy density arising from the addition of a constant to the matter Lagrangian.
Any attempt to describe the dynamics of gravity without incorporating this
observed feature is bound to be wrong.
This fact demands that the gravitational field equations must be invariant
under the symmetry transformation of the matter sector equations:
Lmatter → Lmatter + constant, (17)
resulting in T ab → T ab +(constant) δab . (For example, the electroweak symmetry
breaking is equivalent to the shifting of the standard model Lagrangian by a
large constant and we know that the evolution of the universe was not affected
by this transition.) Ensuring this symmetry for gravitational dynamics will be
conceptually nice because all other (non-supersymmetric) theories have field
equations which remain invariant if we add a constant to the Lagrangian.
The usual gravitational field equations, in contrast to matter field equations,
are of course not invariant under the addition of a constant to the matter La-
grangian. This addition changes the energy-momentum tensor of the matter
by T ab → T ab + (constant) δab and the usual gravitational field equations now
become Gab = T ab + (constant) δab which is equivalent to the introduction of a
cosmological constant (if Λ = 0 originally) or changing its numerical value, if
Λ 6= 0 in the original gravitational Lagrangian. This is the key problem re-
lated to the cosmological constant, viz., that its numerical value (either zero
or non-zero) can be altered by the transformation in Eq. (17) which leaves the
matter equations of motion unchanged. A particle physicist working with the
standard model can choose the overall constant in the matter Lagrangian arbi-
trarily because the standard model does not care for this constant. But each
choice for this constant will lead to a different value for the cosmological con-
stant and a different geometry for the universe, many of which will turn out to
be observationally untenable.
An alternative way of stating this problem is as follows: Suppose we discover
a fundamental principle that helps us to determine the numerical value of the
cosmological constant (either zero or non-zero). Such a principle is quite useless
if the gravitational field equations are not invariant under the transformations
in Eq. (17).
This discussion helps us to identify three ingredients which are necessary to
solve the cosmological constant problem:
1. The gravitational field equations must be invariant under the transforma-
tions in Eq. (17) so that gravity is immune to the shift in the zero level of
the energy densities.
2. At the same time, the solutions to the gravitational field equations must
allow the cosmological constant to influence the geometry of the universe,
because this is needed to explain the observed accelerated expansion of
the universe.
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3. We also require a fundamental physical principle to determine the numer-
ical value of the cosmological constant since it cannot be introduced as a
low energy parameter in the Lagrangian if the theory is invariant under
the transformation in Eq. (17).
The first two requirements above might sound impossible to satisfy simul-
taneously, but it can be done! The trick is to keep the gravitational field equa-
tions invariant under the transformation T ab → T ab +(constant)δab but allow the
inclusion of a cosmological constant as an integration constant in the solutions.
Consider, for example, a theory in which the field equations are given by the
requirement that:
(Gab − T ab )ℓaℓb = 0 (18)
for all null vectors ℓa in the spacetime [5, 6]. In Eq. (18), Gab = 2Gab in gen-
eral relativity and could be some other tensor in alternate theories of gravity,
but necessarily satisfying the generalized Bianchi identity ∇aGab = 0. Equation
(18) can be solved by Gab − T ab = F (x)δab , but the generalized Bianchi identity
(∇aGab = 0) and the conservation of the energy-momentum tensor (∇aT ab = 0)
imply that F (x) must be a constant. Therefore, Eq. (18) is actually equivalent
to Gab = T ab +Λδab with an arbitrary cosmological constant Λ appearing as an in-
tegration constant. Thus a theory of gravity in which the field equations reduce
to those in Eq. (18), will satisfy the first two requirements in our list for solving
the cosmological constant problem. (We will address the third requirement later
on.)
This turns out to be a very strong demand and has important consequences,
usually overlooked in attempts to “solve” the cosmological constant problem.
To see this, consider any theory of gravity interacting with matter that satisfies
the following conditions:
1. The theory is generally covariant and the matter action is obtained by
integrating a scalar Lagrangian Lm(gab, φA) over the measure
√−gd4x.
2. The equations of motion for the matter sector are invariant under the
transformation L→ L+ C where C is a scalar constant.
3. The gravitational field equations are obtained by the variation of the met-
ric tensor gab in an unrestricted manner in the total action (which is
obtained by integrating a local Lagrangian over the spacetime).
We cannot solve the cosmological constant problem in any theory satisfying the
above three requirements. [7] It follows that one cannot obtain the gravitational
field equations of the form in Eq. (18) in any theory which satisfies the above
three criteria.
So, even though all the three criteria given above seem very reasonable, they
together will prevent us from solving the cosmological constant problem and we
must give up at least one of them. If we do not want to give up locality, general
covariance or the freedom to add a constant to the matter Lagrangian, we can
10
only tinker with the third requirement.2 I will now show how Eq. (18) arises
naturally if we use a thermodynamic extremum principle.
3.2 Gravitational field equations from a thermodynamic
extremum principle
In this approach, we will associate a heat density with all null surfaces in the
spacetime. Maximization of this heat density for all null surfaces simultaneously
will then lead to Eq. (18). Let ℓa be a null congruence defining a null surface
which is affinely parametrized. Then we extremize the expression
Q =
∫ λ2
λ1
dλ d2x
√
σ [hg(ℓ) + hmatt] =
∫ λ2
λ1
dλ d2x
√
σ
[
hg(ℓ) + Tabℓ
aℓb
]
, (19)
(where hmatt = Tabℓ
aℓb and hg(ℓ) are the heat densities of matter and gravity)
over all ℓa simultaneously. The condition that Q is an extremum for all null
surfaces (or null vectors ℓa) leads to a constraint on the background metric
which will be equivalent to the field equations in the form of Eq. (18). This
maximization involves varying the null vector fields rather than the metric and
hence it bypasses the third requirement in our earlier list. In such an approach,
the variational principle itself (not just the field equations) is invariant under
the transformation T ab → T ab +(constant)δab .
The resulting field equations, of course, depend on the choice made for the
gravitational heat density hg of the null surface. Since we are varying ℓ
a in an
extremum principle, it is natural to assume that hg is a quadratic in ∇iℓj and
hence will have the general form Pabcd∇aℓc∇bℓd where Pabcd is a tensor built
from the background geometry. It can be shown that the variational principle
will lead to a constraint on the background geometry only if Pabcd satisfies the
conditions (b) and (c) mentioned earlier just after Eq. (16). If we further assume
that either: (i) Pabcd is built only from the metric or (ii) we are in a D = 4
spacetime, then the choice [3, 5, 6] is unique and Pabcd ∝ P abcd introduced in
Eq. (16). This will lead to the field equations in general relativity. (We will
describe the more general case, when Pabcd can also depend on curvature, later
on.) Thus, the variational principle is also entirely determined by the entropy
tensor, and, in general relativity, we will take P abcd = (1/2)(δ
a
c δ
b
d − δbcδad) leading
to:
hg = − 1
4π
P abcd∇aℓc∇bℓd =
1
8π
[∇aℓc∇cℓa − (∇aℓa)2] = − 1
8π
Rabℓ
aℓb + (tot div)
(20)
This expression has another direct interpretation [21]. It can be shown that
Einstein’s equations, when projected on to any null surface, take the form of a
Navier-Stokes equation with the viscosity coefficients η = 1/16π, ζ = −1/16π
2One can obtain Eq. (18) if we postulate that the gravitational field equations are obtained
by varying the metric but keeping
√−g = constant. Such unimodular theories of gravity —
which bypass the condition (3) above — have been studied in the literature in the past [18–20].
Unfortunately, the motivation to keep
√−g = constant is quite weak.
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(This result was originally known for black hole horizons [22] and I generalized it
to arbitrary null surfaces in Ref. [23].) Using this approach, hg can be related [21]
to the Navier-Stokes viscous tensor:
hg = 2ησabσ
ba + ζθ2 (21)
where θab ≡ qiaqjb∇iℓj ≡ σab + (1/2)qabθ is the projection of ∇iℓj on to the null
surface and we have assumed that ℓa is affinely parametrized. This allows us
interpret hg as the (fictitious [23] but useful) viscous dissipation rate of the null
surface which is being minimized in the extremum principle. Another equivalent
expression [3] for the thermodynamic extremum principle, obtained by ignoring
another total divergence which does not contribute to the variation, can be
based on the following integral over the null surface:
Q ≡
∫ λ2
λ1
dλ d2x
√
σ
[
1
16π
gijℓa£ℓN
a
ij + Tabℓ
aℓb
]
(22)
Extremising any of these expressions over all ℓa simultaneously will lead to the
field equations. (The details of the derivation can be found in Refs. [3, 5, 6].)
The result will be in the form Eq. (18) if one uses the last expression (Rabℓ
aℓb)
in Eq. (20) and will be in the form [21] of a Navier-Stokes equation if one uses
the forms in Eq. (21) or Eq. (22).
Thus, a purely thermodynamic variational principle, invoking the extremiza-
tion of the heat density of all the null surfaces simultaneously in the spacetime,
leads to the gravitational field equation with an undetermined cosmological
constant. We see that the combination gijℓa£ℓN
a
ij plays a vital role in the
derivation of the field equations from an extremum principle as well.
3.3 Holographic interpretation of Einstein field equation
The extremization of the heat density described above will lead to the field
equations in the form (2Rab−Tab)ℓaℓb = 0, which is equivalent to the standard
Einstein’s equation, with an undetermined cosmological constant appearing as
an integration constant. But the field equation in this form has no simple
physical meaning! If the gravitational field equations are the thermodynamic
characterization of the spacetime, it should be possible to rewrite this equation
in a more transparent manner, in a thermodynamic language. This is indeed
possible [3] using our interpretation of Noether current; as a bonus we obtain
an interesting concept involving the bulk and surface degrees of freedom which
I will call the holographic equipartition.3
To do this, we will take the dot product of ua and the Noether current J
a[ξ]
in Eq. (7) (obtained with va = ξa), use Eq. (9), introduce the gravitational dy-
namics through Rab = (8πL
2
P )T¯ab (where T¯ab ≡ Tab − (1/2)gabT ) and integrate
3The term ‘holographic’ is used here with its original meaning, indicating a surface-bulk
correspondence. It has no (known) relation with the same adjective used in string theory in
a different context.
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the result over a 3-dimensional region R bounded by the equipotential surface.
Then we get [3]:
1
8πL2P
∫
R
d3x
√
huag
ij£ξN
a
ij =
∫
∂R
d2x
√
σ
L2P
ǫ
(
1
2
kBTloc
)
−
∫
R
d3x
√
h ρKomar
(23)
where, in the second term on the right hand side we have introduced the Komar
energy density 2NT¯abu
aub = (ρ+ 3p)N .
This result allows an interesting interpretation. If the spacetime is static
and we choose the foliation such that ξa is the Killing vector, then £ξN
a
ij = 0
and the left-hand-side vanishes. The equality of the two terms on the right-
hand-side can be thought of as describing the holographic equipartition [3], if we
define the bulk and surface degrees of freedom along the following lines: The
number of surface degrees of freedom is obtained by allotting one ‘bit’ for each
Planck area:
Nsur ≡ A
L2P
=
∫
∂R
√
σ d2x
L2P
(24)
Further, we can define the average temperature Tavg of the boundary surface
∂R to be:
Tavg ≡ 1
A
∫
∂R
√
σ d2x Tloc (25)
Finally, we will define the number of bulk degrees of freedom Nbulk by the
following prescription: If the matter in the region R is in equipartition at
the average surface temperature Tavg, then we can identify Nbulk by |E| =
(1/2)NbulkkBTavg; that is, we define:
Nbulk ≡ |E|
(1/2)kBTavg
=
ǫ
(1/2)kBTavg
∫
R
√
h d3x ρKomar (26)
where E is the total Komar energy in the bulk region R which is the source of
gravity. (The ǫ = ±1 ensures that Nbulk remains positive even when the Komar
energy turns negative.) Our result in Eq. (23) implies that comoving observers
in any static spacetime will indeed find:
Nsur = Nbulk (Holographic equipartion) (27)
That is, holographic equipartition holds in all static spacetimes.
More importantly, Eq. (23) shows that the departure from holographic equipar-
tition — leading to a non-zero value for the right-hand-side — drives the dy-
namical evolution of the spacetime. This is clear if we write Eq. (23) as:∫
d3x
8πL2P
√
huag
ij£ξN
a
ij = ǫ
1
2
kBTavg(Nsur −Nbulk) (28)
One can also rewrite the left hand side of Eq. (28) by relating uag
ij£ξN
a
ij to
more familiar constructs using Eq. (12). This will give∫
V
d3x
8πL2P
hab£ξp
ab = ǫ
1
2
kBTavg(Nbulk −Nsur) (29)
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which allows us to connect the thermodynamic interpretation with the standard
Hamiltonian formulation of relativity. Demanding the validity of Eq. (29) or
Eq. (28) for all foliations is equivalent to demanding the validity of Einstein’s
equations.
Even in a static spacetime, non-static observers will perceive a departure
from holographic equipartition because Eq. (28) — while being generally co-
variant — is dependent on the foliation through the normal ui. A natural
foliation which we can use in any (local region of) spacetime is the synchronous
frame in which ua will be the velocity of geodesic observers. In this case, the
acceleration (and thus the temperature and the Noether potential) vanishes and
Eq. (28) can be replaced by the local vector equation:
gij£ξN
a
ij + T¯
a
b u
b ≡ P¯ a + T¯ ab ub = 0; P¯ a ≡ gij£ξNaij (30)
Since T¯ ab u
b is the flux of the Komar energy (defined using T¯ ab ≡ T ab − (1/2)δabT ),
this result can be interpreted as a momentum balance equation between the
gravitational momentum and the matter momentum fluxes. This provides a
simple interpretation of the, by now familiar, combination P¯ a = gij£ξN
a
ij as
measured by geodesic observers.
Taking a cue from this, one can obtain a more general result valid for
any spacetime (and foliation), which could be time-dependent and dynamically
evolving. The total energy contained in a regionR bounded by an equipotential
surface ∂R is exactly equal to the surface heat content, when the equations of
motion hold: ∫
R
d3x
√
hua[P¯
a(ξ) +NT¯ ab u
b] = ǫ
∫
∂R
d2x Ts (31)
In the synchronous frame, the acceleration temperature on the right hand side
of Eq. (31) vanishes and so does the left hand side (see Eq. (30)); in any other,
arbitrary foliation, the effect of acceleration is captured by the surface term on
the right hand side. If one prefers to use Tab rather than T¯ab, that can be easily
done by using a closely related gravitational momentum vector, defined by:
P a ≡ Ja[ξ]− 2Gabξb = gik£ξNaik +Rξa ≡ P¯ a +Rξa (32)
so that P¯ a(ξ) + NT¯ ab u
b = P a(ξ) + NT ab u
b on-shell and either of them can be
used in the left hand side of Eq. (31). (For a more detailed discussion of these
results, and properties of P a, see Ref. [3]).
4 The value of the Cosmological Constant
Once we accept that gravitational field equations are invariant under T ab →
T ab + (constant) δ
a
b , the solution will have an undetermined cosmological con-
stant arising as integration constant. We then need a new physical principle to
determine its value which I will now describe [8, 9].
14
Observations indicate that our universe is characterized by (i) an early infla-
tionary phase with approximately constant density ρinf ; (ii) a phase dominated
by radiation and matter, with ρ = ρeq[x
−4+x−3] where x(t) ≡ a(t)/aeq and ρeq
is another constant and aeq is the epoch at which matter and radiation densities
were equal; and (iii) an accelerated phase of expansion at late time dominated
by the energy of the cosmological constant ρΛ. Thus, there are three undeter-
mined densities [ρinf , ρeq, ρΛ] which will completely describe the dynamics of
our universe. It is generally believed that high energy physics will eventually
determine ρinf and ρeq but we need a new principle to fix the value of ρΛ.
It turns out that, a universe with these three phases has a conserved quantity,
viz. the number N of length scales which cross the Hubble radius during each of
these phases. It can be shown that N(a2, a1) = (2/3π) ln(H2a2/H1a1) during
any interval a1 < a < a2. Any physical principle which fixes the value of N
during the radiation-matter dominated phase, say, will relate ρΛ to [ρinf , ρeq].
We have given arguments elsewhere [8, 9] as to why we expect N = 4π which
leads to the remarkable relation connecting the three densities:
ρΛ ≈ 4
27
ρ
3/2
inf
ρ
1/2
eq
exp(−36π2) (33)
For the observed range of ρeq, and the range of inflationary energy scale ρ
1/4
inf =
(1.084 − 1.241) × 1015 GeV, we get ρΛL4P = (1.204 − 1.500) × 10−123, which
is consistent with observational results! I will confine myself to just two brief
comments about this result here; more details can be found in Ref. [8, 9].
First, this is a very novel approach for solving the cosmological constant
problem based on a unified view of cosmic evolution, connecting all the three
phases through Eq. (33). This is in contrast to standard cosmology where the
three phases are put together in an unrelated, ad hoc, manner.
Second, it is difficult to incorporate N = 4π into the standard cosmological
paradigm. But it fits naturally into the concept of holographic equipartition. It
turns out that the Friedmann equation itself can be written in a very suggestive
form as:
dV
dt
= L2P (Nsur − ǫNbulk); (34)
with V = (4π/3H3) and Nsur, Nbulk defined as before with the Unruh-Davies
temperature for the horizon being taken as T = H/2π. In this approach,
the value of the conserved quantity N gets fixed at the Planck scale as N =
4πL2P/L
2
P = 4π. In such a model, the assumption N = 4π can arise very
naturally.
5 Thermodynamic description of Lanczos-Lovelock
models
In standard thermodynamics, one can use any suitable thermodynamic func-
tional like entropy (s), heat density (Ts), free energy (ρ− Ts) etc., to describe
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the state of matter. Similarly, the gravitational field equations, which describe
the state of the spacetime, are encoded in the thermodynamic potential for the
spacetime.
In the case of general relativity, the Noether potential associated with the
time evolution vector ξj and the entropy density of a patch of the local Rindler
horizon are governed by the tensor P abcd used in Eq. (16) which satisfies the
three conditions: (a) it is made from the metric tensor; (b) it has all the alge-
braic symmetries of the curvature tensor; (c) it is divergence free in all indices.
Further, the thermodynamic variational principle used in general relativity, to
obtain the field equations, has the gravitational part given by P abcd∇aℓc∇bℓd (see
Eq. (20) and thus the field equations can be obtained once we know the entropy
density tensor P abcd .
Since the dynamics of spacetime can be related to the form of P abcd, more
general theories of gravity can be obtained by relaxing the assumptions (a), (b)
or (c) above. It can be shown that if the field equations have to be of second
order in the metric, then the only assumption we can drop is (a) in the list.
If we allow the entropy density tensor P abcd to depend on both metric and
curvature (while obeying the conditions (b) and (c)) we obtain a more general
class of theories of gravity called the Lanczos-Lovelock models. (Incidentally,
in D = 4, the Lanczos-Lovelock model reduces back to general relativity but
for D > 4 it is different). The form of P abcd in these theories are uniquely
determined [10, 25] by conditions (b) and (c) and is given by:
P abcd = mδ
aba2b2...ambm
cdc2d2...cmdm
Rc2d2a2b2 . . . R
cmdm
ambm
(35)
The heat density of the null horizons is now given by the integral
S = −1
8
∫
dD−2x
√
σP abcdǫabǫcd ≡
∫
dD−2x s (36)
The Noether potential associated with ξa has the same form as before (see
Eq. (16)) with the corresponding P abcd and is given by: 16πJab (ξ) = 2P abcd∇cξd,
so that the Noether current is:
16πJa = 2Rabξb + P jkai £ξΓijk; Rab ≡ P aijkRbijk . (37)
Given these constructs, all the previous thermodynamic interpretation go through
in a natural fashion and one can generalize [24] all the previous results to
Lanczos-Lovelock models along the following lines.
• The Noether charge density in this case is given by
16πuaJ
a(ξ) = 2Dα (Nχ
α) ; χa ≡ 2P abcdubucad (38)
This vector χa generalizes the notion of acceleration in this case. Inte-
grating this result, it is straightforward to show that [24]
∫
V
dD−1x
√
huaJa (ξ) = ǫ
∫
∂V
dD−2x Tlocs. (39)
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where s is defined by Eq. (36). Thus the Noether charge in a bulk region
is equal to the heat content of the boundary in all Lanczos-Lovelock models
as well .
• The field equations of Lanczos-Lovelock models can be obtained [5,6] by
extremizing a heat density just as before (see Eq. (20)) with a gravitational
contribution proportional to P abcd∇aℓc∇bℓd. This leads to the Lanczos-
Lovelock field equations with the cosmological constant arising as an
integration constant.
• More importantly, the ideas of holographic equipartition work out seam-
lessly in all Lanczos-Lovelock models. One can show [24] that the field
equations can be written in the form
1
8π
∫
R
dd−1x
√
h(2uaP
jka
i £ξΓ
i
jk) = ǫ
(
1
2
Tavg
)
(Nsur −Nbulk) (40)
where Nsur, Tavg and Nbulk are defined by direct generalization [24] of the
corresponding expressions in the case of general relativity:
The fact that one could generalize the thermodynamic interpretation to all
Lanczos-Lovelock models is quite nontrivial because, in a general Lanczos-
Lovelock model, the entropy is not proportional to the area. This suggests the
thermodynamic perspective encodes some deeper feature about the spacetime
not captured within general relativity and will possibly be revealed only when
we have a complete description of quantum microstructure.
6 Heat density of spacetime from the zero-point
length
We have seen above that the gravitational field equations in general relativity
can be obtained [10] by extremising the total heat density S = Sg + Sm where
the gravitational heat density Sg[ℓ] is given by [3]
Sg ∝ [(∇iℓi)2 −∇iℓj∇jℓi] = Rabℓaℓb + (tot. div.) (41)
If the ideas of the emergent gravity paradigm are correct, it must be possible to
obtain this expression from a more microscopic approach. I will now show how
this can be done [11, 12].
To begin with, the existence of some ‘atoms of spacetime’ is related to an
effective discreteness at Planck scale (L2P = (G~/c
3)), which allows us to assign
Nsur = A⊥/L
2
P degrees of freedom with any area A⊥. So we need to incorporate
the notion of ‘zero-point-area’ L2P in a suitable manner if we hope to obtain
Sg from a more fundamental description. Further, we saw earlier that the
entropy density of spacetime, when evaluated around any event after Euclidean
continuation, is given by (K
√
h). These two facts suggest that one should be
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able to obtain the entropy density in Eq. (41) fromK
√
h in a suitable limit, if we
can introduce the zero-point-length in to the computation of K
√
h consistently.
The operational difficulty in implementing this idea, of course, is the follow-
ing: Expressions like K
√
h are well defined on a differentiable manifold with a
metric, normal vectors to foliations etc. But the entropy arising from (A⊥/L
2
P )
degrees of freedom associated with an area A⊥, requires introducing the zero
point area into the spacetime. This cannot be done without modifying the usual,
local, description of spacetime.
We need a prescription which incorporates the quantum gravitational effects
(in particular the existence of zero point area L2P ), at scales reasonably bigger
than L2P but not completely classical. This will require the concept of an “effec-
tive” metric qab in a spacetime (which has classical metric gab) such that it can
incorporate the effects of the zero point area L2P . If we compute K
√
h for this
effective metric, then in the appropriate limit, this should give us the entropy
density of the spacetime. Further, if our ideas are correct, the resulting entropy
density should match with the one in Eq. (41). Fortunately, this key step of
introducing an effective metric qab with the necessary properties is already done
in Ref. [11, 12]. I will briefly describe this procedure.
In any classical spacetime, one can introduce a geodesic interval σ2(P, p)
between any two events P and p which carries the same amount of information
as the metric gab. The key difference is that σ
2(P, p) is a biscalar (and hence
nonlocal) while the metric tensor is local. Geometric quantities at P can be
obtained by taking suitable derivatives of σ2(P, p) with respect to the coordinate
p and then taking the limit p → P . (See Ref. [11, 12, 26].) Classical geometry
can be characterized either by gab or by σ
2(P, p).
When we attempt to incorporate the effects of quantum gravity, there is
a distinct advantage in starting from a description in terms of σ2(P, p) rather
than from the metric. This is because we have no universal rule to describe
how quantum gravity modifies the metric; but there is a significant amount of
evidence (see e.g., Ref. [13]) which suggests that σ2(P, p) is modified by
σ2 → σ2 + L20; L20 = µ2L2P (42)
where µ is a factor of order unity 4. That is, one can capture the lowest order
quantum gravitational effects by introducing a zero point length in spacetime
through the prescription in Eq. (42).
We can now define a second rank symmetric bitensor qab(p, P ), (called ‘qmet-
ric’) constructed such that it will have the geodesic interval σ2+L20 if the original
metric had the geodesic interval σ2. This requires associating with a metric gab
(which has the geodesic interval σ2) a nonlocal symmetric bitensor qab(p, P ) by
the relation:
qab(p, P ;L
2
0) ≡ Agab −
(
A− 1
A
)
ℓaℓb (43)
4As an aside, we mention that, it is possible to consider the general case in which σ2 →
S(σ2) where the function S will arise from a more fundamental framework for quantum gravity.
Surprisingly, our result turns out to be independent of the form for S(σ2) as long as S(0) = L2
0
!
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where gab = gab(p) is the classical metric tensor, σ
2 = σ2(p, P ) is the corre-
sponding classical geodesic interval and
A [σ;L0] ≡ 1 + L
2
0
σ2
; ℓa =
∇aσ2
2
√
σ2
(44)
The qmetric can capture some of the effects of quantum gravity — especially
those arising from the existence of the zero point length — without us leaving
the comforts of the standard differential geometry.
The key reason why several non-trivial effects arise from such a nonlocal
description of geometry in terms of the qmetric is the following: Suppose φ(P |g)
is a scalar computed from the metric gab and its derivatives (e.g., φ could be R,
or RabR
ab etc.). When we carry out the corresponding algebra using qab(p, P )
instead of gab(p) (with differentiations carried out at the event p) we will get a
nonlocal (biscalar) φ(p, P ;L20|q) which will depend on two events (p, P ) and on
L20. To get a local result, we take the limit of σ → 0 (that is, p → P ) keeping
L20 finite. The resulting form of φ(P, P ;L
2
0|q) will exhibit quantum gravitational
residual effects due to nonzero L20. This arises from the non-commutativity of
the limits:
lim
L2
0
→0
lim
σ2→0
φ(p, P ;L20|q) 6= lim
σ2→0
lim
L2
0
→0
φ(p, P ;L20|q) (45)
The limit on the right hand side of this equation is trivial. When we take the
limit of L20 → 0, keeping σ2 finite, we find that qab → gab and φ(p, P ;L20|q) →
φ(P |g). This is because, in Eq. (43), only the combination L20/σ2 introduces any
non-trivial effects and this term (and all related derivatives) will vanish when
L20 → 0. But if we take the limit of σ → 0 (with finite L20), the qmetric actually
diverges. Therefore, we have no assurance that we will even get anything sensible
when we take the limit in the left hand side of Eq. (45); surprisingly, we do,
leading to non-trivial effects.
I will now briefly describe the results of this analysis working in a D = 4
Euclidean space and using units with LP = 1 so that L0 = µ. Given a spacetime
event P , the most natural surface Σ on which to evaluateK
√
h is the one formed
by events p at a constant geodesic interval σ(p, P ) = λ from P . In the local
Rindler frame around P , the origin of the tE −x plane will be the local Rindler
horizon; the limit of p→ P corresponds to computing a quantity on the horizon.
Computing K
√
h(p, P, µ2) using the qmetric and taking the limit p→ P to get
the quantum corrected entropy density is straightforward, and we get:
K
√
h = 3µ2 − µ
4
3
Rabℓ
aℓb = S0 − µ
4
3
Sg (46)
with all quantities now evaluated at P . The term S0 = 3µ2 can be thought of
as the zero point entropy density of the spacetime which is a new feature. Its
numerical value depends on the ratio µ = L0/LP which we expect to be of order
unity (We will comment more about this later on). The second term in Eq. (46)
is exactly the heat density used in the emergent gravity paradigm. This result is
significant in several ways which I will now describe.
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The most important feature, of course, is that it reproduces correctly (except
for an unimportant multiplicative constant) the entropy density Sg ∝ Rabℓaℓb
we used in our approach. Further, the negative sign of the second term in
Eq. (46) is important for the consistency of this result. These facts show that
the entire program has a remarkable level of internal consistency. One could
not have guessed the limit a priori and, in fact, there is no assurance that the
limit should even be finite in the coincidence limit of σ2 → 0. It is a non-trivial
feature that the final result is free of any divergence.5
As we mentioned earlier, K
√
h has the interpretation of (being proportional
to) the heat density on the horizon. After analytic continuation, in the Eu-
clideanized local Rindler frame around an event P , the Rindler horizon gets
mapped to the origin of the (x, tE) plane. The coincidence limit of p → P is
then the same as taking the horizon limit. In this limit, K
√
h/8π gives the
entropy density (see Eq. (15)). So if we had taken the limit L0 → 0 first (so
that qab → gab etc.) we would have been led to this standard result. We get
the nontrivial result in Eq. (46) only because of taking limits in the appropriate
manner.
Finally, an intriguing aspect of our result is the discovery of the “zero point
entropy density” represented by the first term S0 = 3µ2 in Eq. (46). The total
zero point entropy in a sphere of Planck radius is given by
S0 =
4π
3
× 3µ2 = 4πµ2 (47)
We saw earlier that the cosmological constant problem can be solved within the
emergent gravity paradigm if one could attribute a value 4π to the measure of
degrees of freedom in the universe for a GUT scale inflation. On the other hand,
if inflation took place at Planck scales, we need µ2 ≈ 1.2 (see Ref. [27]) all of
which is quite consistent with Eq. (47). Unfortunately, the value of µ cannot
be determined from the analysis of the pure gravity sector, but the fact that we
get a non-zero residual entropy density is encouraging.
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